We have characterized CoCrMo, Metal-on-Metal (MoM) implant, wear debris particles and 28 their dissolution following cycling in a hip simulator, and have related the results to the 29 tribocorrosion of synthetic wear debris produced by milling CoCrMo powders in solutions 30 representative of environments in the human body. Importantly, we have employed a modified 31 ICP-MS sample preparation procedure to measure the release of ions from CoCrMo alloys 32 during wear simulation in different media; this involved use of nano-porous ultrafilters which 33 allowed complete separation of particles from free ions and complexes in solution. As a result, 34
INTRODUCTION 47
taper junction of the stem and femoral head of the implant, Hart et al. [20, 21] conducted 85 investigations using X-ray Synchrotron radiation (with a 4 µm diameter scanned probe) on 86 tissue sections extracted from regions adjacent to Ultima MoM implants (which exhibit a high 87 failure rate) as well as from non-Ultima MoM implants, both implants being constructed from 88 both high carbon (cup liner and stem) and low carbon (head) CoCrMo ASTM F75 alloys. Here, a 89 chromium phosphate-was shown to be the predominant species in tissue surrounding the non-90
Ultima implants, whereas analysis of tissue surrounding the Ultima MoM implants revealed a 91 mixture of metallic Co, with a significant amount of Co (II) as the main species, together with 92 some Cr phosphate. The inflammatory response to both metal ions and CoCrMo alloy particles 93 has been highlighted by Caicedo et al. [22] . In this study, we demonstrate that centrifugation alone is insufficient to separate 126 6 between +35 to -15. The bearing material was wrought CoCrMo high carbon alloy (DePuy). 143
The lubricant used was 12 g/L Foetal Bovine Serum (FBS) plus Phosphate Buffered Saline 144 solution (PBS), supplemented with 0.03% sodium azide to retard bacterial growth (Sigma-145 Aldrich). 146
147

Mechanochemical Milling 148
This technique will be detailed more fully in a future publication, however it has been shown to 149 produce wear debris with a good approximation of size, shape and composition to that 150 generated in-vivo [26, 31, 32] . It is employed due to the limitations of methods such as hip 151 simulators and pin-on-plate to generate large volumes of CoCrMo nanoparticles in a reasonable 152 amount of time, therefore allowing a more detailed study of the corrosion behaviour of wear 153 debris and its use in subsequent toxicological tests. In addition, milling allows the study of the 154 tribocorrosion of CoCrMo particles in different simulated body environments. 155 156 Synthetic wear debris was obtained via mechanochemical milling of a micron-sized, gas 157 atomised CoCrMo high carbon powder (Sandvik Osprey -Co212-c) in a SPEX 8000M mill for 150 158 min, using a ball-to-powder ratio of 3:2, and 40 g/L of Bovine Serum Albumin (BSA) purified by a 159 heat shock process, pH 7.0 (Fisher Scientific), and diluted in MilliQ Water. Milling was also 160 performed in pure PBS solution and Simulated Synovial Fluid (SSF) -a mix of iron-supplemented 161
Calf Serum diluted to a total protein content of 40 g/L with PBS (Sigma-Aldrich). Milling was 162 performed without bacterial control, as samples were also used for subsequent toxicological 163 tests which could potentially affect the results. 164
165
Static Corrosion 166
Following milling of the CoCrMo alloy powders in BSA at pH 7.2, static dissolution studies 167 (incubation) were then conducted over a period of 24 h at 37C and under both neutral and 168 acid pH conditions, adjusted using HCl (shown at the bottom of Table 1 ). This latter procedure 169 focused on simulating the different pH environments that metal particles could be exposed to 170 within the human body. The particles were also tested for much longer periods (3, 6, 9 and 12months) of incubation in BSA, PBS and SSF at 3-4C, avoiding the temperature range for 172 bacterial growth. 173
174
Transmission Electron Microscopy (TEM) 175
Particulate dispersions at the various stages of sample preparation for ICP-MS were imaged and 176 analysed using a FEI Tecnai F20 field emission (scanning) TEM/STEM operated at 200 kV and 177 fitted with an Oxford Instruments ultrathin window ISIS EDX system. Unless otherwise stated, 178 dispersions were simply drop cast onto holey carbon films supported on TEM grids (Agar 179 Scientific Ltd.). Characterisation of particle morphology was carried out based on the procedure 180 used by Catelas et al. [23] , who used ratios of the maximum dimensions of each particle 181 measured along orthogonal directions. Particles were classified according to the value of the 182 ratio (r) of length to width and gave information on particle shape: spherical if 1  r < 1.2, 183 faceted if 1.2  r < 2.5, and elongated if r  2.5. Statistical significance of the results was 184 calculated by ANOVA with a 95% degree of confidence. 185
186
Fourier transform infrared spectroscopy (FTIR) 187
Infrared characterization centrifuged and ultrafiltered supernatants was carried out using a 188 Thermo Scientific Nicolet iS10 FTIR spectrometer running OMNIC processing software, and 189 fitted with an attenuated total reflection (ATR) accessory. Water was used as a background. 190 from ions during ICP-MS sample preparation. Initially three different methods were explored to 201 separate particles and ions in the hip simulator lubricant: firstly, centrifugation at 14,000 rpm 202 for 5-30 min; secondly ultracentrifugation using 40,000-60,000 rpm (a relative Centrifugal Field 203 of 66,700-150,000 xg) for 30-60 min; and finally, centrifugation at 14,000 rpm for 10 min, 204 extraction of the supernatant and then further centrifugation at 14,500 rpm (14000 xg) for 30 205 min using a Vivacon® ultrafiltration spin column equipped with a Hydrosart cellulose membrane 206 of 2 kDa molecular weight cut-off (MWCO), corresponding approximately to a pore size of 1.5 207 nm. The supernatants of the ultracentrifuged samples were analysed by (S)TEM/EDX before 208 acid digestion, as well as the supernatant following centrifugation and ultrafiltration. To 209 prepare TEM samples of these supernatants, grids were simply immersed for 24h in the 210 corresponding liquid, collected and then dried (as per the procedure detailed by Xu et al. [33] ). 211
212
Following each separation process applied to the hip simulator lubricant, 1 ml of each sample 213 was digested in 1 ml of 5% nitric acid for 30 min in an ultrasonic bath (65ºC). The samples were 214 then centrifuged again at 14,000 rpm for 10 min and 0.5 ml of the supernatant was collected 215 and diluted in 8 ml of MilliQ water. Finally, the levels of isotopes 59 Co, 52 Cr and 96 Mo were 216 measured by ICP-MS. For the case of the mechanochemically milled samples, these were 217 diluted 20x and only the centrifugation plus ultrafiltration protocol was used prior to ICP-MS 218 analysis (Table 1) . 219
220
Following the most severe conditions employed for centrifugal sedimentation of the hip 221 simulator lubricant, i.e. after ultracentrifugation at 60,000 rpm for 60 min, (S)TEM/EDX 222 revealed that the supernatant still contained nanoparticles (Figure 1 ). For this case, 75 particles 223 in the supernatant were analysed and a preponderance (~55%) of salt particles was found. 224
These had presumably precipitated from the PBS itself during drying (possibly NaCl, KCl, 225 Na2HPO4 or KH2PO4). Less than 5% of the particles were found to be relatively large and rich in 226
Cr, O and P together with evidence of a thick amorphous coating (see Figure 1A) , whereas 227 roughly 40% of particles were observed to be very small Co particles, with only traces of Cr andN, most likely from the bovine serum albumin. Importantly, samples which had undergone 230 centrifugation followed by ultrafiltration showed an absence of any kind of particles on the TEM 231 grid, indicating that the common procedure of solely using a centrifugation step does not 232 remove all nanoparticles in a supernatant suspension. In order to achieve a good separation of 233 particles and dissolved ions, a physical barrier such as the ultrafilters is required. 234
235
The retaining properties of the ultrafilters were assessed using Co, Cr and Mo ionic standards at 236 a concentration of ca. 100 µg/L for each element (purchased from Reagecon). The assays were 237 all performed in triplicate using the following conditions: (a) mix all three standards and dilute 238 showed that particles milled in PBS released Co and Mo ions in a ratio of about 5:1 (Table 1) , 287 which represents a decrease in Co/Mo ratio as compared to the CoCrMo standard alloy (ca. 288 10:1). Whilst for material milled in BSA and SSF (both of which contain the same concentration 289 of serum proteins), total Mo levels have to be estimated from that measured in solution and 290 that inferred to be complexed with proteins. Mo is then the dominant ion released in BSA and 291 is in a 1:1 ratio with Co in SSF (Table 1) . 292 particles milled in BSA following centrifugation with an increase in absorption, possibly due to 320 protein coverage on the particle surface ( Figure 8B) . The FTIR spectrum of the solution after 321
CoCrMo particles milled in BSA had been centrifuged and ultrafiltered with a 100 kDa ultrafilter, 322 which removed most of the nanoparticles present in solution is shown in Figure 8C . 323 Presumably, the nanoparticles interact with the amide groups in the BSA and, with the removal 324 of these particles via ultrafiltration, the signal related to amide groups was correspondingly 325 absent; the solution that remained exhibited absorbances due to C ≡ O and C = O, as well as 326 peaks tentatively assigned to metal carbonyls, which could have formed with the remaining 327 ions in solution [37] . However, this feature could also have been due to the degradation of the 328 proteins in the BSA, post-milling; the proteins in BSA being formed from more than 500 amino 329 acids. Finally, Figure 8D Table  362 1). This has revealed dissolution and, by additional assessment of ionic standards in the same 363 media (Figure 2) , potential protein complexing of Mo at levels greater than would be expected 364 for the base alloy composition (Figures 5, 6, 7 and 8 ). The implication of these results is that, 365 unless ultrafiltration is employed, ICP-MS analyses both the underlying ion levels in solution 366
arising as a result of dissolution and protein complexing, plus the alloy wear debris 367 nanoparticles themselves (Figures 1 and 2) . Particles rich in chromium and oxygen that were 368 found ( Figure 3a) were presumably wear debris CoCrMo particles that have undergone Co and 369
Mo dissolution. Potentially, a complete mass balance of particles, complexes and ions could be 370 achieved in any media by use of a range of MWCO ultrafilters, combined with spectroscopic 371 techniques sensitive to proteins as well as ICP-MS. Such an approach would also require374 Overall, the results show that Cr dissolution from CoCrMo alloys was minimal in biological 375 media under neutral pH, but more pronounced at low pH, such as that which might be found in 376 a lysosome, as discussed by Gill et al. [40] , it should be noted however that the addition of 377 0.03% sodium azide during hip simulation may produce more oxidizing conditions increasing 378 the 'baseline' of dissolution at all pHs. A Pourbaix diagram for Cr in water at 25 °C suggests 379 toxic chromium VI is released only at high electrode potentials, and the species generated 380 under acidic conditions is Cr 3+ , which has a much lower correlation with toxicological issues 381 implants, which can act as a barrier against electrochemical attack [47, 48] . We have shown that 395 the Mo release is most significant into media containing serum proteins at neutral pH. We 396 estimate that this may result in the release of up to 1% of the total Mo from particulate wear 397 debris during static incubation in BSA (the stock concentrations of milled CoCrMo powder prior 398 to incubation was measured to be 20 mg/mL [31] thus containing a total of 1.4 mg/mL Mo and, 399 after incubation, Mo levels were measured by ICP-MS to be 700 g/L in x20 diluted samples, 400 
